The ability to direct foreign gene expression from the herpes simplex virus type 1 (HSV-1) genome during an acute or latent infection is a subject of increasing importance in the utilization of HSV vectors for gene therapy. Little is known about the types of transcription factors present in neurons or about whether different neuronal populations within a ganglion vary in their complement of these factors. With respect to HSV-1 latency, it is not known how or why the latency-associated transcript (LAT) promoter is able to function continually during latency while all other viral promoters are inactive. To further studies of these two phenomena, we constructed seven recombinant viruses with various promoter constructs driving expression of the lacZ reporter gene. Each construct was inserted into HSV-1 at the glycoprotein C locus, and recombinant viruses were evaluated for the ability to express ,I-galactosidase during acute and latent viral infections in murine dorsal root ganglia. During acute infection of murine dorsal root ganglia, the activities of the promoters varied over a wide range. Constructs containing the murine metallothionein promoter (MT1), the phosphoglycerate kinase promoter, the Moloney murine leukemia virus long terminal repeat (LTR), or the region upstream of and including the HSV LAT core promoter (LAT) were active during the acute but not the latent phase of infection. The addition of transcription factor binding sites present in the upstream LAT region to the MT1 and LTR promoters (IAT-MT1 and LAT-LTR, respectively) significantly increased acute-phase expression. Despite these high initial rates of transcription, of all the promoter constructs only LAT-LTR was able to remain transcriptionally active after the establishment of a latent state. Thus, the Moloney murine leukemia virus LTR provides a DNA element which functions to prevent promoter inactivation during latency. An analogous HSV long-term-expression element is evidently not present in the upstream LAT promoter, indicating that the HSV long-term-expression function is provided by a region outside of that which gives high-level neuronal expression during the acute phase of infection.
During a latent infection with herpes simplex virus (HSV), the virus is in a relatively quiescent state and transcription is restricted to a single region of the viral genome. Viral RNAs accumulating during latency have been termed latency-associated transcripts (LAT). These transcripts are apparently synthesized from an 8.3-kb transcription unit (11) . The more stable of these LAT RNAs have sizes of approximately 2.0 and 1.5 kb and accumulate in the nuclei of latently infected neurons (5, 6, 26, 27, 32, 33, (35) (36) (37) (38) (39) (40) . A variety of experimental findings suggest that these stable RNAs are in fact introns, which is interesting in view of their extremely high stability as well as the fact that they are antisense RNAs to part of the ICPO mRNA (8, 12, 24) . The LAT is apparently not essential for latent infections to occur (15) (16) (17) 34) , but its absence may affect the efficiency of establishment of latent infections (28) . LAT region transcription does seem to be involved in reactivation from the latent state, on the basis of several studies utilizing LAT promoter mutants (4, 15, 19, 20) .
During latency the immediate-early and alpha genes are not transcribed, perhaps because of repression at the TAATGA RAT elements which each of these genes possesses (18, 21, 41) . Instead, a single transcription unit is functional, with a promoter initiating transcription 660 bases upstream of the stable LAT intron (11) . As observed previously, a number of viral mutants with deletions in this region fail to make LAT RNA during a latent infection (11, 17, 20, 33) . In addition, insertion of a rabbit ,B-globin gene just downstream of the LAT TATA box results in the synthesis of ,B-globin RNA rather than LAT RNA during latency (11) . Data from transfection experiments with plasmid DNAs utilizing the LAT promoter region are in agreement with the in vivo data (2, 3, [42] [43] [44] .
A goal of our laboratory has been to try to understand the mechanisms of transcriptional control operating during the acute and latent phases of infection in vivo. We have previously reported that insertion into the ICP4 gene of a Moloney murine leukemia virus (MMLV) long terminal repeat (LTR) promoter driving P-galactosidase expression resulted in the expression of this gene during latency (10) . Attempts to utilize the region upstream of and including the HSV LAT core promoter for long-term gene expression have been less successful. Insertion of a LAT promoter region extending 865 bp upstream of the cap site into the glycoprotein C (gC) locus of HSV type 1 resulted in expression from the promoter in neurons not actively expressing viral antigens (23) . Additionally, a deletion series of this 865-bp fragment revealed at least two regions which were important for in vivo neuronal expression (9) . However, in both of these studies, the amount of 3-galactosidase expression driven by the upstream LAT promoter diminished over time (9, 23) . A similar decrease in activity was observed in constructs exploiting this promoter to drive the expression of nerve growth factor (22) . To All constructs driving expression of the E. coli lacZ reporter gene were inserted into HSV by homologous recombination at the gC locus. Elements of the virus constructs are as follows: MT1 (415-bp BstEII-BglII fragment); MT1-(6)SP1, murine metallothionein promoter minus TATA (263-bp PCR product) fused with six synthetic SP1 sites and a TATA box (200 bp); LAT-MT1, binary fusion of the region upstream of the HSV LAT core promoter (589-bp DdeI fragment) and murine metallothionein promoter elements; PGK (502-bp Eco-RI-TaqI fragment); LTR, MMLV LTR (1,285-bp ScaI-BamHI fragment of the BAG vector [25] ); LAT, LAT promoter upstream of the LAT cap site (865-bp SmaI-SacII fragment); and LAT-LTR, binary fusion of the region upstream of the HSV LAT core promoter (589-bp DdeI fragment) and MMLV LTR elements. HSV regions shown are terminal long repeat (TRL), unique long (UL) region, inverted long repeat (IRL), inverted short repeat (IRS), unique short (US) region, and terminal short repeat (TRS). The promoters are boxed. U, lacZ; 1, gC.
promoter-lacZ construct inserted into the genome at the C locus. The murine dorsal root ganglion (DRG) and trigeminal ganglion latent infection models were utilized. Several results emerged from these studies. First, the region upstream of the LAT core promoter conferred increased transcriptional activity upon heterologous promoters during both acute and latent infections as well as extended the population of neurons in which transcription occurred. An additional observation is that this region upstream of the LAT core promoter is capable of functioning over distances varying by more than 1,000 bp. However, high promoter activity at 4 days postinfection (d.p.i.), even in cells that were phenotypically latent, did not by itself ensure long-term latent transcription. Most significantly, the pairing of this region upstream of the LAT core promoter with the MMLV LTR, but not with other promoters, resulted in long-term transcription during latent infections. This region alone did not result in long-term transcription during latent infections. These results indicate that the LTR contained a DNA element which allowed for long-term latent gene expression or which prevented promoter inactivation during latent infection. An analogous HSV DNA element appears to be missing from the region upstream of the LAT core promoter (i.e., that which provides for high-level acute-phase gene expression in neurons). The possibility that such an element is located within an adjacent region in the HSV genome is discussed.
MATERUILS AND METHODS Viral recombinants. Seven recombinant viruses which contained the various promoter-pi-galactosidase structures displayed in Fig. 1 were constructed and employed. The recombinant virus MT1 contained a 415-bp BstEII-to-BglII fragment (-350 to +65) of the murine metallothionein promoter (MT1) driving expression of the P-galactosidase reporter gene construct (from pCH 110; Pharmacia) located within the HSV gC locus (14) . The virus MT1-(6)SP1 was constructed by using a 263-bp PCR product of the murine metallothionein promoter, located just upstream of TATA, fused in tandem with an oligonucleotide containing six synthetic SP1 sites and a TATA box. Primers utilized to construct this fragment had sequences of 5'-GCAGATCTlGAGTTCTCGTAAACTCCAG-3' and 5'-GCAAGC1TGTCGTTGGACGAGTCCGGGC-3'. The LAT-MT1 virus contained a binary fusion of the region upstream of the HSV LAT core promoter (589-bp DdeI fragment upstream of the LAT TATA box) and murine metallothionein promoter (415-bp BstEII-to-BglII fragment) elements. Virus PGK employed a 502-bp EcoRI-to-TaqI fragment of the mouse phosphoglycerate kinase (PGK) promoter to drive 3-galactosidase expression (1) . Construction of the virus LAT (i.e., KOS/1) has been described previously (9, 23) . It contains a SmaI-to-SacII fragment which extends to 863 bp relative to the LAT cap site. The virus LTR contained the MMLV LTR and was constructed by using a 1,285-bp ScaI-to-BamHI fragment of the BAG vector (25) . Finally, the virus LAT-LTR contained the 589-bp DdeI fragment upstream of the LAT core promoter inserted 5' of the 1,285-bp ScaI-to-BamHI fragment containing the MMLV LTR. These viruses were produced, isolated, and plaque purified as previously described (10) . Southern (PBS) followed by a fixative solution containing 2% paraformaldehyde and 0.2% glutaraldehyde in PBS was perfused through the left ventricle of each animal. Their DRGs (L3-S1) were microdissected and subjected to whole-mount histochemical staining with X-Gal (5-bromo-4-chloro-3-indolyl-j3-D-galactopyranoside) (Sigma) as previously described (10) .
Dual immunofluorescence. Mice were sacrificed by halothane inhalation, and PBS followed by 4% paraformaldehyde in phosphate buffer (pH 7.2) was perfused through the left ventricle of each. The ganglia from four mice were pooled, postfixed by immersion in the 4% paraformaldehyde fixative for 1 h at 4°C, and equilibrated in 20% sucrose (in PBS) for 1 h at 4°C. The tissue was snap frozen in OTC and cut into 6-,um sections onto polylysine-treated slides. Dual immunofluorescence was performed essentially as previously described (23) . Briefly, the sections were blocked with 3% normal goat serum and 0.1% Triton X-100 in PBS for 15 min. A biotin-conjugated anti-p-galactosidase monoclonal antibody (Sigma) was then applied for 1 h, after which time the slides were washed with 1% normal goat serum in PBS and incubated for 45 min with both avidin-Texas red (Vector) and fluorescein isothiocyanateconjugated sera specific to HSV type 1 (DAKO). The slides were again washed and mounted with glycerol and 1% paraphenylaminediamine to prevent quenching.
In situ hybridization. Lumbosacral ganglia (L4 and L5) were dissected from mice (n = 4) infected for either 4 (acute phase) or 42 (latent phase) days. The ganglia were pooled and snap frozen in liquid nitrogen. The tissue was cut into 6-ixm sections, fixed in acetic acid-ethanol (1:3), and prepared for in situ hybridization essentially as described previously (33) . Tritium-labeled double-stranded DNA probes were prepared by random hexamer priming. The LAT probe was prepared by labeling a cloned 375-bp fragment from the 5' end of the 2-kb LAT intron (ATD 19). The 3-galactosidase probe was prepared by labeling the EcoRI-to-HindIII fragment from ATD 32, which contains the coding region for Eschenichia coli P-galactosidase. Slides were exposed for 2 weeks prior to being developed.
RESULTS
Recombinant viruses with cellular promoters. In the first part of this study, four recombinant viruses were constructed to analyze various aspects of neuronal specific transcription within the context of the HSV genome. All constructs drove expression of the ,-galactosidase reporter gene, and all were inserted into the virus at the gC locus. In the first part, two cellular promoters which have been shown to be useful for the expression of genes in transgenic systems were utilized: the murine metallothionein promoter (MT1) and the promoter for PGK. Additionally, in an attempt to increase neuronal transcription of the MT1 promoter, two different approaches were used. First, the MT1 TATA box was removed by PCR mutagenesis, and an oligonucleotide containing six synthetic SP1 sites and a TATA box was inserted in its place. This represented an attempt to increase the strength of the proximal promoter elements. In the second approach, a 589-bp DNA fragment upstream of the HSV LAT core promoter was added to the 5' end of the MT1 promoter. This represented an attempt to add distal transcription factor sites instead of proximal ones. Individual plasmids containing these four constructs were cotransfected with HSV DNA, and recombinant viruses with the structures shown in Fig. 1 were isolated.
Histochemical analysis of acute and latent infections. Mouse footpads were inoculated with recombinant viruses, and DRGs were harvested from the animals at 4 (acute phase) and 42 (latent phase) d.p.i. Whole-mount preparations were fixed and stained for 0-galactosidase activity. At 4 d.p.i. the MT1 promoter was active, as seen by positive staining for 3-galactosidase activity ( Fig. 2A) . The addition of six SP1 sites to the proximal promoter oddly decreased expression (Fig.  2B) , while the addition of DNA elements upstream of the LAT core promoter clearly increased expression (Fig. 2C) . In acutely infected ganglia, the PGK promoter (Fig. 2D ) was more active than either the MT1 promoter or the SPlmodified MT1 promoter and was about 60% as active as the LAT-MT1 promoter. In separate infections, 3-galactosidase expression was also measured by homogenizing the ganglia and performing CRPG assays, as described in our previous paper (9) . As shown in Fig. 3 , the addition of DNA elements upstream of the LAT core promoter to the MT1 promoter (LAT-MT1) increased ,-galactosidase activity 11-fold over that of the MT1 promoter alone.
We have previously reported that for many of our viral recombinants, the transcription of the lacZ gene decreases or shuts off as the virus enters a latent state but the ,B-galactosidase protein remains detectable for some time because of its high stability (22) . For dual immunofluorescence was performed as described previously (23) .
As shown in Table 1 , the MT1 promoter is active only in neurons which are productively infected (antigen positive and 3-galactosidase positive). The fact that this promoter is not expressed in latently infected neurons indicates that it either is transactivated by viral factors (e.g., ICP4) or, more likely, requires the amplification of viral DNA to function. Since the altered, SPl-containing MT1 promoter was poorly functional in infected neurons, it was not included in this assay. Of interest to us was how the addition of the region upstream of the LAT core promoter to the MT1 promoter would affect expression. As seen in Table 1 , the addition of the upstream LAT elements not only increased the number of productively infected neurons which expressed 3-galactosidase but concomitantly caused phenotypically latent neurons to express ,-galactosidase. Thus, there was an increase in both the number and range of neurons which were capable of reporter gene (29) , who reported that this same promoter driving the VP-16 gene at the thymidine kinase locus is able to make VP-16 mRNA during latency by in situ hybridization. In their study, mice were infected via the eye to reach the trigeminal ganglia, whereas we inoculated the footpad to reach the DRGs. To determine if the observed difference in MT1-driven gene expression might be due to the particular ganglia involved, we infected trigeminal ganglia with the MT1 virus. However, the same results were obtained as with the DRGs (i.e., there was acute but not latent expression; data not shown). Apparently, additional differences between these two constructs, such as the genomic loci in the virus, may contribute to the variance in expression.
Recombinant viruses containing the MMLV LTR. We have previously reported that virus 8117/43, containing an insertion of an LTR-lacZ construct into the ICP4 gene, resulted in the latent expression of 3-galactosidase RNA and protein (10) . However, since the site of insertion into ICP4 was only 500 bp downstream of the LAT transcription unit polyadenylation signal, it seemed possible that unterminated transcription from the LAT region was contributing to the observed LTR promoter activity. In order to determine if latent transcription by 8117/43 was due to the LAT promoter or to the LTR alone, or due to its location in the repeat region, two additional viruses were made. The LTR virus, containing the LTR promoter driving lacZ inserted out of the context of the repeats at the gC locus, and a second virus, LAT-LTR, containing a 589-bp region upstream of the HSV LAT core promoter added to the 5' end of the LTR, were constructed. Both of these viruses were compared with the LAT virus, which contained the LAT promoter region extending 865 bp upstream of the cap site driving the lacZ gene at the gC locus (9, 23) . These three viruses are illustrated in Fig. 1 .
Histochemical analysis of LAT and LTR viruses during the acute and latent phases. Infection of murine DRGs at 4 d.p.i. resulted in a moderate level of P-galactosidase expression from the LAT virus (Fig. 4A) . It is likely that expression from this virus is somewhat lower than that from other viruses used in this study because the LAT promoter is transcribed only in cells which are phenotypically latent (23, 30, 31) , because of downregulation by the ICP4 protein at the LAT cap site (2, 13) . Insertion of only the LTR element driving expression of the lacZ gene resulted in strong expression during the acute phase (Fig. 4B ). This expression was increased further by the addition of the 589-bp region upstream of the LAT core promoter (Fig. 4C) . Thus, the addition of this upstream LAT DNA region increased expression during the acute phase from both the LTR and the MT1 promoters. This result was verified through quantitation of ,-galactosidase activity by using CRPG assays, which showed a fivefold increase in expression of the LAT-LTR over the LTR alone (Fig. 3) .
Investigation of murine DRGs during the latent phase demonstrated decreases in ,B-galactosidase expression from the LAT promoter virus to levels no longer detectable (Fig. 4D) , a finding which is consistent with previous studies (22, 23) . Interestingly, expression from the LTR virus is also not evident at 42 d.p.i. (Fig. 4E) . This result suggests that in our earlier ICP4-negative virus 8117/43, the LTR may have benefited from its proximity to the LAT transcription unit (10) . This was confirmed by the LAT-LTR construct, which exhibited a strong level of expression of 3-galactosidase at 42 d.p.i. (Fig. 4F) (Fig.  5A to C) . Since it is clear that the ,B-galactosidase protein is very stable, it was necessary to verify that latent-phase transcription was continuing in the neurons infected with the LAT-LTR virus. In situ hybridization was performed on sections of latently infected ganglia. As expected, only neurons from animals infected with the LAT-LTR virus were positive for the presence of the lacZ mRNA (Fig. SF) . Neurons infected with the LAT, LTR, or any other virus were uniformly negative ( Fig. SD and E) . Although these viruses have similar structures, it could be argued that the efficiency of the establishment of latent infections was altered in the viruses and that that is the reason why no ,B-galactosidase protein or RNA was observed. To demonstrate that this is not the case, in situ hybridization was performed with probes for the LAT intron on sections taken at 42 d.p.i. As shown in Fig. 5G to I, all latent infections were positive for the presence of the LAT intron. Therefore, in all cases, an efficient latent infection was established and the lack of latent gene expression was due to particular constructions of each promoter, rather than to biological differences of the specific recombinant viruses.
Because the LAT-LTR promoter fusion contained only the upstream LAT promoter region and did not include the LAT TATA element, we assumed that the upstream LAT promoter functioned during latency to provide neuronal transcription factor binding sites and that transcription was initiated within the LTR promoter. To verify these assumptions, we performed two in situ hybridizations on sections of ganglia latently infected with the LAT-LTR virus. In a map in which the cap site of the LTR was positioned at 389 map units, an upstream DNA probe of 365 bp which extended only to 299 map units or to 90 bp upstream of the cap site was used. A second DNA probe began at 398 map units, that is, 3' of the cap site at 389 map units, and extended in the 3' direction for 419 bp. As shown in Fig. 6 , only the downstream DNA probe was positive in the in situ hybridization of latently infected ganglia. This indicated that the latent transcripts observed in the in situ hybridization were initiated within the LTR part of the LAT-LTR promoter. available for transactivation. Second, it must have the ability to function continually at times when other viral promoters are inactive. In our studies of the LAT promoter we have uncovered evidence that these two properties are distinct. The region upstream of the LAT cap site is able to provide high-level, short-term transcription in neurons, even when moved out of the context of the repeat region to the gC locus (1, 23) . A 5' deletion series of this upstream DNA clearly demonstrates the presence of regions which confer neuronal specificity to the LAT promoter (9) . These upstream elements thus provide for one of the unique properties of this promoter, the presence of binding sites for neuronal transcription factors; however, at present it is not clear what makes the promoter able to remain functional during latency.
DISCUSSION
In the present study, we have tried to address the issues of both long-term expression and neuronal transcription factor utilization. The first recombinant virus showed that the murine metallothionein promoter was unable to provide long-term reporter gene expression in neurons. Furthermore, the addition of six SP1 sites to the proximal MT1 promoter did not increase transcription in neurons; indeed, the MT1-(6)SP1 virus produced less ,-galactosidase than the MT1 virus. However, the addition of the region upstream of the HSV LAT core promoter to the MT1 promoter did increase transcription during the acute phase. The addition of these upstream DNA binding sites to the MT1 promoter caused a significant increase (11-fold) in acute-phase expression over the activity of the MT1 promoter alone. Also, the same region upstream of the HSV LAT core promoter added to the LTR (LAT-LTR) caused an increase in expression over that of the LTR alone during both the acute (fivefold) and latent phases of infection. These results are in agreement with results from experiments in which 5' promoter deletions were examined by using recombinant viruses, showing that the presence of these DNA elements increases neuronal transcription in vivo (9) . In addition, the distances of these binding sites from the TATA box are apparently not important. In both the wild-type and the LAT viruses, this upstream LAT region DNA is adjacent to the TATA box. In the LAT-MT1 construct, the transcription factor binding region is positioned 415 bp upstream by the insertion of the MT1 promoter, and in the LAT-LTR construct, the same region is pushed 1. LAT-LTR, in which the region upstream of the HSV LAT core promoter was added to the LTR at the gC locus, represent attempts to define the properties which allow the LTR to function in neurons latently infected with 8117/43. For comparison, we also examined the ability of the MT1 and the PGK promoters to function in neurons on a long-term basis.
Both the MT1 and the PGK promoters functioned during the acute phase of infection, with the PGK promoter being the more active of the two. However, neither of these promoters was able to remain active during latency. We thus turned our attention to the LTR, which was able to operate during latency when inserted into the repeat region. Insertion of the LTR alone at the gC locus provided for lacZ transcription during the acute phase. This LTR construct has no known neuronal specific elements, and its acute-phase activity was considerably increased by the addition of the LAT region upstream of the core promoter. It is possible that acute LTR transcription was a result of transactivation by viral transcription factors or of activation by increased copy number following viral DNA synthesis. For whatever reason, the LTR promoter alone, at the gC locus, does not exhibit detectable levels of ,1-galactosidase during latency. However, the addition of the DNA elements upstream of the HSV LAT core promoter to the LTR resulted in a virus which was able to produce 3-galacto- 
